Homologs of ntrB and ntrC genes from Rhodospirillum rubrum were cloned and sequenced. A mutant lacking ntrBC was constructed, and this mutant has normal nitrogenase activity under nif-derepressing conditions, indicating that ntrBC are not necessary for the expression of the nif genes in R. rubrum. However, the posttranslational regulation of nitrogenase activity by ADP-ribosylation in response to NH 4 ؉ was partially abolished in this mutant. More surprisingly, the regulation of nitrogenase activity in response to darkness was also affected, suggesting a physiological link between the ntr system and energy signal transduction in R. rubrum. The expression of glutamine synthetase, as well as its posttranslational regulation, was also altered in this ntrBC mutant.
In enteric bacteria the general nitrogen regulation (ntr) system controls a variety of nitrogen assimilation pathways (29) . The ntr system involves the products of at least five genes: ntrA, ntrB, ntrC, glnB, and glnD. The products of ntrB and ntrC belong to the family of two-component regulators: NTRB is a histidine kinase that phosphorylates NTRC under nitrogenlimiting conditions, and the phosphorylated form of NTRC then acts as transcriptional activator of glnA (encoding glutamine synthetase [GS] ) and other operons involved in nitrogen assimilation.
Homologs of the ntrBC genes have been found in many nitrogen-fixing bacteria, and their roles in nitrogen fixation have been best characterized in Klebsiella pneumoniae. In this organism, NTRB and NTRC are required for transcription of nifLA regulatory genes, with NIFA activating the transcription of other nif operons (25) . In some diazotrophs, such as Azotobacter vinelandii, Bradyrhizobium japonicum, and Azospirillum brasilense, NTRB and NTRC are not essential for nif gene expression, but the mutations in ntrBC have detectable effects on some other aspects of nitrogen assimilation, such as nitrate utilization and GS activity (20, 22, 35) .
Rhodospirillum rubrum is a purple nonsulfur, photosynthetic, nitrogen-fixing bacterium, and the posttranslational regulatory system that regulates nitrogenase activity is best characterized in this organism. This regulatory system involves reversible mono-ADP-ribosylation of dinitrogenase reductase, and regulation is performed by two enzymes: dinitrogenase reductase ADP-ribosyltransferase (DRAT) and dinitrogenase reductaseactivating glycohydrolase (DRAG). DRAT modifies dinitrogenase reductase and thereby inactivates the enzyme. DRAG removes the ADP-ribose from dinitrogenase reductase and restores its activity (21) .
The DRAT-DRAG system has been characterized in other nitrogen-fixing bacteria, such as A. brasilense (9, 42) and Rhodobacter capsulatus (24) , and it negatively regulates nitrogenase activity in response to exogenous NH 4 ϩ or to energy limitation in the form of darkness (in the cases of R. rubrum and R. capsulatus) or anaerobiosis (in A. brasilense). Both DRAT and DRAG activities are themselves subject to posttranslational regulation under these conditions (10, 14, 19, 39, 42) , but neither the mechanisms of their regulation nor the signal transduction system that controls it is understood.
Recently, the functions of ntrBC have been characterized in A. brasilense. Mutations in these genes have no significant effect on nif expression (20) . Interestingly, these mutations alter the posttranslational regulation of nitrogenase activity in response to NH 4 ϩ (20). In wild-type A. brasilense, addition of NH 4 ϩ activates DRAT activity and eliminates DRAG activity, resulting in modification of dinitrogenase reductase and complete loss of in vivo nitrogenase activity. In ntrBC mutants, the effect of NH 4 ϩ on DRAG is reduced, so that a higher level (60 to 70%) of residual nitrogenase activity is observed (40) . The regulation of nitrogenase activity in response to anaerobic shifts is little affected in these mutants (40) .
The present experiments were done in an effort to study the roles of ntrBC in nitrogen fixation and the posttranslational regulation of nitrogenase activity in R. rubrum, and we here report the cloning, sequencing, and functional characterization of these genes in the regulation of nitrogenase activity in response to NH 4 ϩ and darkness, as well as their effects on GS.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Escherichia coli DH5␣ (30) was used to maintain plasmids, and E. coli S17-1 (32) was used as a mating donor to transfer genes into R. rubrum. R. rubrum UR2 is a spontaneous streptomycinresistant strain (7) that is otherwise wild type, while UR381 is a ntrBC deletion mutant whose construction is described in this report. E. coli strains were grown at 37ЊC in Luria-Bertani medium (30) , and R. rubrum strains were grown at 30ЊC in SMN medium (7) .
DNA isolation and other DNA methods. An R. rubrum genomic library was constructed previously in EMBL4 (7) . Phage plaques on a lawn of E. coli LE392 (30) were transferred onto a nylon membrane. A Genius nonradioactive DNA labeling and detection system (Boehringer Mannheim Corporation) was used for plaque hybridization and Southern hybridization according to manufacturer's specifications. Preparation of phage lysates, transformation, and other DNA manipulations were performed by standard methods (30) . Phage DNA was isolated from lysates by the method of Chisholm (2) . Total DNA from R. rubrum was isolated as described previously (7) .
Mutagenesis of the ntrBC region. A 4.2-kb BamHI fragment containing ntrBC of R. rubrum was subcloned from a genomic library into pUC19 (38) , yielding pYPZ143. The plasmid then was digested with BglII and ligated with a 1.4-kb BamHI fragment carrying the Km r cassette gene from pUC4K (36) , such that the new plasmid had the Km r cassette replacing a 0.6-kb BglII fragment and the region containing a part of ntrBC genes was deleted (⌬ntrBC1) (Fig. 1) . The BamHI fragment containing this mutagenized region was subcloned into pSUP202 (32), transformed into E. coli S17-1, and then conjugated into R. rubrum by the method described previously (19) . Sm r Km r R. rubrum colonies were selected and replica printed to identify Cm s colonies resulting from a double-crossover recombination event. The mutation, designated ⌬ntrBC1::kan, was confirmed by Southern hybridization, and the strain was designated UR381.
In vivo nitrogenase activity assay and immunoblotting of dinitrogenase reductase in R. rubrum. Derepression of R. rubrum for nitrogenase, whole-cell nitrogenase activity assay, and NH 4 ϩ and darkness treatments were done as described previously (41) . Rapid extraction of protein from R. rubrum was accomplished by the trichloroacetic acid precipitation method (39, 41) . Low-crosslinker sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting of dinitrogenase reductase were done as described previously (12, 14) .
GS activity assay and Western immunoblotting. Cells of R. rubrum, derepressed for nitrogenase, were broken by sonication in 100 mM imidazole and 1 mM dithiothreitol buffer. After centrifugation at 16,000 ϫ g for 15 min, the supernatant was used for a GS ␥-glutamyltransferase assay (31) and for Western immunoblotting as described above but with a polyclonal antibody against R. rubrum GS; protein was quantitated by filter paper dye-binding assay (26) .
DNA sequencing. DNA sequencing and sequence data analysis were done as previously described (42) .
Nucleotide sequence accession number. The nucleotide sequence reported in this report was submitted to GenBank under accession number U30377.
RESULTS AND DISCUSSION
Cloning and DNA sequencing of the ntrBC region. A 3.1-kb fragment containing A. brasilense ntrBЈC genes from pAB79 (20) was used as a probe to screen a lambda library of R. rubrum DNA. Digestion with a variety of restriction enzymes and rehybridization with the same probe indicated that two phages, each with approximately 13-kb inserts, displayed very similar digestion patterns and strong hybridization with the probe. A 2.3-kb BamHI-XhoI fragment was cloned into pBSKS(Ϫ) (Stratagene Cloning Systems, La Jolla, Calif.) for DNA sequencing. The sequence predicted two open reading frames with a high preference for the usual codons of R. rubrum. On the basis of comparison with other genes in the data bank, one of these corresponds to the complete ntrC homolog gene, while the other appears to be the 3Ј portion of the ntrB homolog (Fig. 1) . The comparisons of predicted amino acid sequences of NTRB and NTRC from R. rubrum and A. brasilense (20) are shown in Fig. 2 . The NTRC homologs from two organisms display 77% identity and 85% similarity, while appropriate fragments of the NTRB homologs have 68% identity and 82% similarity.
In E. coli and K. pneumoniae, ntrBC are linked to glnA (6, 29) . There was, however, no hybridization of this cloned region with the glnA probe from A. brasilense, and it has been reported that glnA is not linked to ntrBC in either A. brasilense (5, 20) or R. capsulatus (17) . Recently, Johansson and Nordlund (13) submitted the DNA sequence of glnBAЈ of R. rubrum to GenBank (1) under accession number X84158; the linkage of these genes is similar to that in A. brasilense and other bacteria (3, 5, 23, 43) . Construction of an R. rubrum ntrBC mutant. A deletion mutant of ntrBC (UR381) was constructed as described in Materials and Methods. In liquid medium, the mutant grew as well as the wild type when NH 4 Cl, glutamine, glutamate, alanine, or proline was used as the nitrogen source (data not shown); neither strain uses nitrate as a nitrogen source (reference 16 and data not shown).
When UR381 (ntrBC) was derepressed for nitrogenase in malate-glutamate (MG) medium, it had 80% of the nitrogenase activity of the wild type, indicating that these ntrBC homologs are not essential for nitrogen fixation, a result similar to that seen with A. brasilense, A. vinelandii, and B. japonicum (20, 22, 35) . Apparently, the transcriptional regulation of nif genes in these organisms must involve other regulatory systems. It has been suggested that glnB (the gene encoding P II protein) might play an important role in the regulation of nif expression in A. brasilense (5) , but the regulation of nif transcription in R. rubrum is poorly understood.
Effect of the ntrBC mutation on posttranslational regulation of nitrogenase. In A. brasilense, ntrBC mutations cause a significantly reduced response to exogenous NH 4 ϩ (20, 40). After NH 4 ϩ addition, nitrogenase activity is reduced only 40% in ntrBC mutants of A. brasilense, while similar treatment in the wild type completely abolishes its nitrogenase activity. Furthermore, this effect has been shown to be at the level of DRAG, with its activity ceasing much more slowly in response to NH 4 ϩ addition in the mutant than in the wild type (40) . The effects of the ntrBC mutation on the regulation of nitrogenase in response to NH 4 ϩ addition were studied in R. rubrum, and results are shown in Fig. 3A . As seen before (14, 19) , in UR2 (ntr ϩ ) the addition of 5 mM NH 4 ϩ causes a slow decrease in nitrogenase activity, which finally reaches a stable plateau of about 20% of the initial activity. After treatment with the same concentration of NH 4 ϩ , the ntrBC mutant (UR381) showed a very high residual nitrogenase activity (60 to 70%), reminiscent of A. brasilense ntrBC mutants (40) . Treatment with higher levels of NH 4 ϩ (20 mM) did not affect this high level of residual nitrogenase activity (data not shown). The modification of dinitrogenase reductase was monitored directly by SDS-PAGE and Western blotting for the above-described experiments, and the results are shown in Fig. 4 . In general, UR381 showed slightly less modified dinitrogenase reductase than UR2 did when supplied with NH 4 ϩ ; this correlates with the higher residual activity.
In A. brasilense, dinitrogenase reductase is also ADP-ribosylated when the culture is shifted from microaerobic to anaerobic conditions, presumably in response to the loss of energy (11, 39) . The ntrBC mutations have no significant effect on this regulatory response (40) . Because darkness should have a physiological effect in R. rubrum (depletion of the cell's energy) similar to that of anaerobiosis in A. brasilense, we expected that an ntrBC mutation in R. rubrum would have no effect on the darkness response. Surprisingly, however, regulation of nitrogenase activity in response to a shift to darkness was reduced partially in the R. rubrum ntrBC mutant (UR381) (Fig. 3B) . UR381 had a rate of loss of nitrogenase activity after the shift to darkness similar to that seen in the wild type but a significantly higher residual nitrogenase activity. Figure 4 shows that this effect on nitrogenase activity correlates with ADP-ribosylation.
It is not clear why ntrBC mutations in A. brasilense and R. rubrum have different effects on the cell's response to energy depletion. One possibility is that the physiological effects of these two conditions are much more different for these two organisms than has been assumed. Another possibility is that the signal pathways for the DRAT-DRAG systems are rather different in the two organisms in terms of the specific regulatory factors involved. For example, while NH 4 ϩ and anaerobic stimuli might involve different pathways in A. brasilense (40) , in R. rubrum NH 4 ϩ and darkness stimuli might merge their signal pathways at some point. Alternatively, the ntrBC mutations may have pleiotropic effects, as the effects of ntrBC mutations on NH 4 ϩ and darkness regulation are not identical and result in different residual nitrogenase activities (Fig. 3) . Finally, it is possible that the different effects are actually a matter of degree and that we have coincidentally chosen conditions that exacerbate the apparent differences between the two organisms. For example, slight effects of ntrBC mutations on the anaerobic response in A. brasilense might not be detectable because a very high background residual activity of nitrogenase remained under these conditions (39, 40) .
FIG. 3. Regulation of nitrogenase activity by NH 4
ϩ and darkness in R. rubrum UR2 (ntr ϩ ) (F) and UR381 (ntrBC) (E). (A) NH 4 Cl was added at time zero to derepressed cultures of UR2 and UR381 to a final concentration of 5 mM. (B) Derepressed cultures of UR2 and UR381 were shifted to darkness at time zero, and cells were returned to light at 90 min (UR2) or 120 min (UR381). At the times indicated, 1-ml portions of cells were withdrawn and assayed for nitrogenase activity anaerobically under illumination conditions for 2 min. Initial nitrogenase activities (100%) in UR2 and UR381 were, respectively, about 1,200 and 1,000 nmol of ethylene produced per h per ml of cells at an optical density of 1.0 at 600 nm. Each point represents an average of at least three replicate assays.
Effect of ntrBC mutation on GS. Although the actual mechanism behind the involvement of the ntrBC products in NH 4 ϩ signal transduction is unknown, it may involve GS activity. NH 4 ϩ itself is not the direct signal for the DRAT-DRAG system, as L-methionine-D-sulfoximine, an inhibitor of GS, can significantly block the NH 4 ϩ effect on nitrogenase activity in both A. brasilense (12) and R. rubrum (14) . Consistent with this, the intracellular glutamine concentration increases rapidly after NH 4 ϩ treatments in both R. rubrum and A. brasilense (11, 15, 18) . GS activity is reduced in the A. brasilense ntrBC mutants (40) , and the products of ntrBC regulate GS synthesis in other nitrogen-fixing bacteria, such as K. pneumoniae (6) , Rhizobium meliloti (4, 34) , and B. japonicum (22) . In some of these organisms, two or three genes encoding GS have been found (4, 22) .
GS activity was measured in both UR2 and UR381 (ntr) under nif derepression conditions in MG medium. In the absence of Mg 2ϩ , the GS activities (micromoles of glutamyl hydroxamate per minute per milligram of protein) were 6.3 in UR2 and 3.0 in UR381. Addition of Mg 2ϩ has no significant effect on GS activity in either UR2 or UR381, consistent with the report that the adenylylated form of GS from R. rubrum lacks transferase activity in either the presence or the absence of Mg 2ϩ (28) . The levels of GS protein accumulated in UR2 and UR381 were compared on an immunoblot of an SDS-PAGE gel (Fig.  5) . In UR2 GS migrates as two bands, as seen previously (33, 37) . The more slowly migrating (upper) band is apparently an adenylylated form of GS, while the lower band is the active, unmodified form. Interestingly, GS from UR381 (ntrBC) showed only the lower band; no modified form was detected even when protein was dramatically overloaded on the SDS-PAGE gel. Consistent with the low GS activity, UR381 also has less GS protein than the wild type and has approximately 50% of the wild-type level of the unmodified form of GS.
In enteric bacteria, the adenylylation of GS is catalyzed by adenylyltransferase, in association with the P II protein (29) . In some nitrogen-fixing bacteria that are related to R. rubrum, such as R. capsulatus, Rhodobacter sphaeroides, Rhizobium leguminosarum, and B. japonicum, the transcription of glnB is regulated by ntrBC gene products (3, 8, 23, 43) , and some effect of an ntrC mutation on the adenylylation of GS has been found (27) . It is therefore possible that in R. rubrum the mutation of ntrBC drastically decreases the level of P II in the cell, eliminating adenylylation of GS. Consistent with this hypothesis the DNA sequence of glnBAЈ of R. rubrum has a 54 -dependent promoter located upstream from glnB (13) , strongly suggesting that transcription of glnB is subject to regulation by the ntr system. In light of the above results taken together, the direct effect of the ntrBC mutation on GS activity might be the cause of this mutant's impaired posttranslational regulation of nitrogenase activity in response to NH Crude extracts from UR2 (lanes 2, 4, and 6) and UR381 (lanes 3, 5, and 7) were loaded on SDS-PAGE gels and immunoblotted with antibody against R. rubrum GS. Total amounts of proteins were 0.5 g (lanes 2 and 3), 1 g (lanes 4 and  5) , and 2 g (lanes 6 and 7) . Purified GS from R. rubrum was used as a control (lane 1). 
